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Abstract. The seasonal variation of thermal, haline, net sur-
face buoyancy ﬂux, the Monin-Obukhov length (M-O length,
L) and stability parameter, i.e. the ratio of M-O length to
mixed layer depth (h) were studied in the Bay of Bengal
(BoB) and the Arabian Sea (AS) for the years 2003 and 2004
using Argo temperature and salinity proﬁles. The relative
quantitative inﬂuence of winds to surface buoyancy and the
applicability of scaling mixed layer using M-O length in BoB
and AS was brought out. Rotation and light penetration mod-
ify the mixed layer depth from M-O length during shoaling
in spring giving L/h<1.
Keywords. Meteorologyandatmosphericdynamics(Turbu-
lences) – Oceanography: physical (Air-sea interactions; Up-
per ocean processes)
1 Introduction
The Arabian Sea (AS) and Bay of Bengal (BoB) are two
basins in the north Indian Ocean that are inﬂuenced by sea-
sonally reversing monsoonal wind forcing. The freshwater
forcing between these two basins is contrasting. Precipita-
tion (P) exceeds evaporation (E) in the Bay, whereas evapo-
ration exceeds precipitation in the AS. The freshness of BoB
is due to excess precipitation over evaporation and due to
large amounts of river discharge into the Bay. Hence the sur-
face layer in the Bay is much fresher than that in the Ara-
bian Sea. Very few studies exist on the quantitative role of
thermal, haline (due to fresh water content) and net buoy-
ancy against the mechanical mixing in Bay of Bengal and
Arabian Sea using observations. Weller et al. (2002) ex-
plored the relative importance of wind mixing and surface
buoyancy forcing in mixed-layer deepening in the AS during
October 1994 to October 1995 and found that wind mixing
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is the primary driver of mixed-layer deepening during the
summer monsoon (June–September) while convective deep-
ening driven by surface buoyancy ﬂuxes is more important
during the winter monsoon (December–February). Shenoi et
al. (2002), using a model as well as Levitus and Boyer cli-
matology have shown that the energy available for mixing
the upper 50m is greater by an order of magnitude in the
Arabian Sea than that in the Bay of Bengal during the sum-
mer monsoon. They also found that the energy required for
mixing the top 50m in the Bay of Bengal is about three times
greater than that in the Arabian Sea. They concluded that the
weakerwindsovertheBayofBengalareincapableofmixing
the strongly stratiﬁed surface waters. By conducting differ-
ent experiments using a 1-D model, Prasad (2004) concluded
that humidity is the controlling factor rather than the salinity
which is responsible for the buoyancy difference between the
two basins. However, comparative studies of the depth of in-
ﬂuence of wind stress versus buoyancy forcing and the appli-
cability of M-O scaling in both the basins for the entire year
using observations are not present. In this study we bring
out quantitatively the role of freshwater, thermal and net sur-
face buoyancy based on Argo and other observations and the
applicability of M-O scaling during different seasons.
2 Data and methods
ArgoﬂoatsareautonomousproﬁlingﬂoatswithCTDsensors
that measure temperature and salinity in the ocean as a func-
tion of depth. The details of the global proﬁling ﬂoat project
and its data communication are found in Argo Science Team
(1998) and Ravichandran et al. (2004). The study region is
Bay of Bengal and Arabian Sea. The area enclosed by 60E
to 70E and 10N to 19N is considered to represent the cen-
tral Arabian Sea and that enclosed by 85E to 95E and 10N
to 19N to represent central Bay of Bengal. The temperature
and salinity proﬁles from all the Argo ﬂoats falling in these
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Fig. 1. Locations of Argo Float proﬁles in Bay of Bengal and Ara-
bian Sea representative areas during 2003 and 2004.
regions during the years 2003 and 2004 are used to study the
upper ocean. The temperature data measured by Argo ﬂoats
at the standard depths are used to generate values at 1-m in-
tervals following Borkowski and Goulet (1971). A total of
1088 proﬁles in AS and 470 proﬁles in BoB were analysed
for the study. The representative regions and the proﬁles’
locations are shown in Fig. 1.
We used the 0.25◦×0.25◦ ﬁelds of wind parameters mea-
sured by Quickscat and 1◦×1◦ precipitation from the Global
Precipitation Climatology Project (GPCP) data set. The net
heat ﬂux is obtained from the Southampton Climatology
Oceanography Centre (SOC) surface climatology, available
at the website www.coaps.fsu.edu. A correlation coefﬁcient
of 0.641 is obtained for the SOC net heat ﬂux with that of
the WHOI mooring site observations. The SOC climatol-
ogy monthly mean net heat ﬂux (NHF) is found to be within
20W/m2 of the WHOI mooring in the Arabian Sea (Josey
et al., 1999). The errors thus propagating into the derived
parameters are computed using a differential method and the
corresponding errors are depicted as error bars in the plots.
Mixed layer depth (MLD) is deﬁned as the deepest depth
where the density is higher by 0.20Kg/m3 from 10-m depth.
The net surface buoyancy Bo is computed using
Bo = Bq + Bp (1)
Bo = (gαQo/(ρCp)) + gβPSo, (2)
where Bq is thermal buoyancy, Bp is haline (due to fresh wa-
ter) buoyancy, g is gravity, Q0 is net heat ﬂux, ρ is ocean
water density, Cp is the speciﬁc heat of water, So is surface
salinity, P is precipitation, α is the thermal co-efﬁcient of ex-
pansion and β is coefﬁcient of haline contraction. The error
propagatedintothenetbuoyancyﬂuxduetotheerrorinNHF
is computed to be ±6.63×10−9 m2/s3. The Monin-Obukhov
length, L, is computed using the Argo temperature and salin-
ity proﬁle and quickscat wind data using the formulation
L = −

U3
∗/κB0

, (3)
where Von Karman’s constant is κ=0.41. Friction velocity
U3
∗ is calculated from the surface wind-stress using
U3
∗ = (τ0/ρ)3/2, (4)
where τ0 is wind-stress and ρ is ocean water density. For
each month of the years 2003 and 2004, at all the locations
of the Argo proﬁles obtained in a calendar month in the rep-
resentative regions of BoB and AS, the corresponding other
parameters viz., GPCP precipitation, Quickscat winds and
SOC-NHF are extracted. These parameters are extracted at
the co-located time (calendar day average) and space (aver-
aged over a 1◦×1◦ latitude-longitude box for each proﬁle)
of the corresponding Argo temperature and salinity proﬁle.
The values for each parameter (temperature, salinity, density,
mixed layer depth, precipitation and friction velocity) falling
in a calendar month are averaged from which the buoyancy
ﬂuxes and M-O length are computed. Hence all the analysis
is done on a monthly scale from February 2003 to December
2004.
3 Discussion
3.1 Surface buoyancy ﬂux
Buoyancyﬂuxthroughthesurfacehelpsdeterminethestabil-
ity of the upper ocean. At the sea surface, surface warming
(heat gain by the ocean) or precipitation tends to make the
ocean surface more buoyant and contributes to stable con-
ditions. Conversely, surface cooling or evaporation tends to
make the ocean surface less buoyant and contributes to an
increase in density of the surface water and so to a convec-
tively unstable condition. The net surface buoyancy ﬂux in
both the basins is largest during summer monsoon months,
i.e. June to September, and looks similar in pattern (Fig. 2a)
with a lull during August (2003 and 2004 in AS and 2004
in BoB). However, in BoB, the net surface buoyancy contin-
ues to be large in fall, i.e. during late September and Octo-
ber, which is a manifestation of the large fresh water con-
tent. This is reasoned by observing the two components
of buoyancy ﬂuxes. During this part of the year the fresh
water buoyancy is the major contributor, whereas the ther-
mal component is minute and also almost equal in both the
basins (Fig. 2a, b, c, d). This freshness of BoB is due
to excess precipitation and heavy river discharge (the mea-
sured salinity by Argo ﬂoat S0 is due to both precipitation
as well as river discharge). The net surface buoyancy ﬂux
in both BoB and AS is always positive except in December.
In AS, few negative spikes in July–August and November–
December for both 2003 and 2004 are observed when indi-
vidual proﬁle observations are examined (ﬁgure not shown).
The net surface buoyancy is very high in BoB compared to
AS throughout the two years, indicating a very highly sta-
ble upper ocean in BoB compared to AS. During the peak
monsoon the magnitude of net surface buoyancy in BoB
is more than 3×10−7 m2/s3 (4.25×10−7 m2/s3 in July 2003
and 3.02×10−7 m2/s3 in July 2004), whereas in AS it is
around 1.1×10−7 m2/s3 (1.18×10−7 m2/s3 in July 2003 and
1.86×10−7 m2/s3 in July 2004) (Fig. 2a). A notable point
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Fig. 2. Time Series of (a) net surface buoyancy with error bars (b) buoyancy due to fresh water Bp (c) thermal buoyancy, Bq with error bars
and (d) ratio of fresh water to thermal buoyancy, Bp/Bq.
is that during September and October, added to the mon-
soon rains, the river inﬂux makes the Bay even more fresh,
whereas in AS, by this time, the monsoon starts receding
and hence the surface buoyancy ﬂux in BoB becomes very
large and more stable compared to AS. This is a direct re-
sult from high amounts of precipitation as well as river in-
ﬂow in BoB which is seen in buoyancy due to the fresh water
ﬂux Bp (Fig. 2b). During the other time of the year, the net
surface buoyancy in both the basins is small and less than
1×10−7 m2/s3.
In both AS and BoB the net buoyancy ﬂux is dominated
by that due to fresh water and hence the net buoyancy is an
annual harmonic rather than semiannual, as in buoyancy due
to the thermal component Bq (Fig. 2c). The net buoyancy
ﬂux is more than three times during the summer monsoon
compared to rest of the year (Fig. 2a). The surface buoyancy
due to freshwater ﬂux is more than double in BoB than in
AS during the peak monsoon period (Fig. 2b). The ratio of
fresh water buoyancy to thermal buoyancy (Fig. 2d) yields a
value more than 10 and peaking to 15 in BoB in the summer
monsoon months, whereas it is about 5 in June 2003 and 9
in June 2004 in AS, indicating that there is good amount of
precipitation during 2004 compared to 2003. During the rest
of the year the ratio is nearly one. The high ratio in BoB
compared to AS and its prolonged nature itself is a measure
of the freshwater.
3.2 M-O Length and L/h
The Monin-Obukhov length (M-O length, L) is the depth
at which the wind generated turbulence is balanced by the
buoyancy due to surface warming and freshening (salting)
by precipitation (evaporation). In both BoB and AS, the M-
O length (Fig. 3d) exhibits a large negative peak during the
summer monsoon months. In Bay of Bengal the M-O length
during the summer monsoon ranges between 20m–45m.
These large values of M-O length during summer monsoon
are due to large winds (friction velocity shown in Fig. 3a).
M-O length in AS is semiannual with large values during
the summer monsoon, owing to high wind stress, whereas
in BoB even though the winds are as high the net surface
buoyancy is very large and this restricts M-O length to shal-
lower depths. The large values of L in AS during the summer
monsoon range between 40m–150m. These large values in
AS during July–August are attributed to reduced buoyancy
in AS compared to BoB, even though both the observational
regions experience the same wind-stress (Fig. 3a).
During the winter monsoon months of November and Jan-
uary, the M-O length exhibits a negative peak. But during
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Fig. 3. Time Series of (a) ustar cubed (b) MLD(h) (c) ratio of M-O length to mixed layer depth (L/h) (d) M-O length (L) with error bars.
(a) (b)
Fig. 4. Time depth series of temperature (a) BoB-2900093 (b) AS-2900090 with depth of the mixed layer (green) and depth of isothermal
layer (blue) overlayed.
December the net heat ﬂux in both the basins AS and BoB
is out of the ocean and is negative. The net buoyancy ﬂux
is dominated by the thermal buoyancy during December and
thus is resulting in a small negative net buoyancy. Hence a
positiveM-OlengthisobservedinboththebasinsduringDe-
cember, indicating convective instability. This implies that
the upper ocean is convectively unstable in December. How-
ever, the small magnitude of monthly averaged net negative
buoyancy results in very high L values, leading to large er-
rorsinmagnitude(LandL/hvaluesforDecemberarehence
not shown).
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Duringtheinter-monsoonperiodsofspring(March–April)
and fall (September–October), the M-O length is very small
in both AS and BoB. After the summer monsoon when the
M-O length reaches maximum depth, the fall season begins
during which time the M-O length in BoB decreases from a
maximum at 40-m depth to less than 5m. In BoB, during
the spring inter-monsoon (March–April) L values of around
6m–10m due to very low winds (Fig. 3a) are observed. Dur-
ing this season the surface starts gaining buoyancy as the
ocean starts gaining heat. Except in December when the net
heat ﬂux is negative, the M-O length is always negative in
BoB for both 2003 and 2004. These negative values of L
imply that the ocean is always stable (except in December).
Both M-O length L and L/h are greater in AS than in
BoB during the summer monsoon months. The changes in
L/h values (Fig. 3c) are much a reﬂection of those in M-
O length (Fig. 3d), despite the mixed layer depth (h) in AS
(Fig. 3b) being much larger than in the Bay of Bengal. This
is due to the relative changes in surface buoyancy forcing and
wind forcing. When |L/h|>1, the mixed layer is dominated
by wind mixing. On the other hand, when |L/h|<1 wind
energy available to mix is much less and could mix only a
few top layers of the ocean, and the balance between thermal
buoyancy and wind energy is achieved at a very small depth
L. In the Arabian Sea the L/h plot shows very large values
during the summer monsoon months, during both the years,
indicating a very highly wind dominated region. On the other
hand, the L/h values during the summer monsoon months of
2004 in Bay of Bengal (Fig. 3c) are less than one indicating
that wind mixing is conﬁned by buoyancy effects to some up-
per layers limited by L. However, during the inter-monsoons
spring (March–April) and fall months (September–October),
the L/h values in both BoB and AS are small and nega-
tive, showing a dominancy of buoyancy gain where the ocean
gains heat during spring and fall. During the spring period,
the MLD starts shoaling, but MLD is greater than the M-O
length and the depth of this remnant interfacial layer between
the M-O length and MLD depends on the history of wind
forcing and the rotation U∗/f (Garwood, 1987; Alexander et
al., 2000). Figure 4 shows the time depth sections of tem-
perature with mixed layer depth and the depth of isothermal
layer overlaid, obtained from one Argo ﬂoat with WMO ID
2900093inBoB(Fig.4a)andoneinAS(Fig.4b)withWMO
ID 2900090 for the two years 2003–2004. From this ﬁgure
it is seen that the thermal penetration is much deeper during
spring for both the ﬂoats and hence inﬂuences the depth of
the mixed layer to become deeper.
When L/h<0.5 and positive, the mixed layer is domi-
nated by convectively driven turbulence. Conversely, during
the winter monsoon there are periods of large (negative dur-
ing November and January and positive during December)
values of |L/h|, indicating convective instability because of
buoyancy loss as well as wind driven turbulence. This con-
vective instability leads to a deeper mixed layer. During win-
ter monsoon in both BoB and AS the L/h values are similar.
These large values of L/h indicate that both winds and buoy-
ancy contribute towards increasing the mixed layer depth on
a monthly scale.
4 Summary
In both AS and BoB the net buoyancy ﬂux is dominated by
the fresh water buoyancy ﬂux and hence in both the basins
the net buoyancy is an annual harmonic rather than semi-
annual, as in the buoyancy due to the thermal component.
The surface buoyancy is very high in BoB compared to AS
throughout the two years, indicating a very highly stable up-
per ocean in BoB compared to AS. The net surface buoyancy
continues to be large during September and October in BoB,
which is a manifestation of the fresh water content in Bay of
Bengal. During spring and fall, light penetration and rotation
effects modify the MLD below the wind mixed layer L. An
improved understanding of the oceanic buoyancy ﬁeld will
improve our understanding and prediction of seasonal and
interannual changes in oceanic circulation and the feedback
between oceanic circulation and the climate.
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